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Recently it was noted that different IceCube datasets are not consistent with the same power
law spectrum of the cosmic neutrinos: this is the IceCube spectral anomaly, that suggests that they
observe a multicomponent spectrum. In this work, the main possibilities to enhance the description
in terms of a single extragalactic neutrino component are examined. The hypothesis of a sizable
contribution of Galactic high-energy neutrino events distributed as E−2.7 [ApJ 826, 185 (2016)] is
critically analyzed and its natural generalization is considered. The stability of the expectations is
studied by introducing free parameters, motivated by theoretical considerations and observational
facts. The upgraded model here examined has 1) a Galactic component with different normalization
and shape E−2.4; 2) an extragalactic neutrino spectrum based on new data; 3) a non-zero prompt
component of atmospheric neutrinos. The two key predictions of the model concern the ‘high-
energy starting events’ collected from the Southern sky. The Galactic component produces a softer
spectrum and a testable angular anisotropy. A second, radically different class of models, where the
second component is instead isotropic, plausibly extragalactic and with a relatively soft spectrum,
is disfavored instead by existing observations of muon neutrinos from the Northern sky and below
few 100 TeV.
I. INTRODUCTION
The observations of IceCube [1–5] provided us with
a convincing evidence of cosmic neutrinos. The ob-
served events cannot be attributed to cosmic ray that
interact with our atmosphere, and this is especially true
for the four events with visible energies above the PeV
[1, 3, 5]. Moreover, the observations are compatible with
an isotropic angular distribution of the events, which is
a circumstantial clue that the bulk of these cosmic neu-
trinos has an extragalactic origin.
However, there is no good reason to assume that high
energy Galactic neutrinos are entirely absent [6]. A
Galactic contribution to the events observed by IceCube
has been considered by several authors [7–12]. There are
in fact various hints for a Galactic component. E.g., the
excess of events in the Southern sky is larger than what
is expected assuming isotropy [8]. Moreover, assuming a
power-law distribution,
dφν`+ν¯`
dE
= n E−α with ` = e, µ, τ (1)
the high energy starting events (HESE) from the South-
ern sky require a spectral index α ≈ 2.5, whereas the
passing muons coming from the Northern sky require
α ≈ 2.0 instead [11].
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The IceCube collaboration attributed to this discrep-
ancy a significance of 3.3σ [5], similar to the significance
of 3σ estimated in [11]. This discrepancy is referred in the
following as the IceCube spectral anomaly. It strengthens
the likelihood that a Galactic neutrino component exists,
mainly observable from the Southern hemisphere.
Neutrino oscillations play an important role on cos-
mic neutrinos, modifying the flavor ratio at Earth with
respect to the flavor ratio near the sources. In most pro-
duction scenario, oscillations imply that the neutrinos of
all three flavors have on Earth the same spectra and very
similar normalizations [13–20]; these considerations are
supported by the observations [21, 22]. Unless stated
otherwise, in most of this work we focus on the all-flavor
flux–i.e., the sum of the 3 flavors of neutrinos and an-
tineutrinos, that we denote simply as φ.
The hypothesis of a not negligible Galactic neutrino
emission allows to reconcile the different spectral indexes
measured in the two IceCube samples. The Galactic com-
ponent adds events only in the Southern sky, being al-
most absent in the Northern sky [8]. The specific model
discussed in [11] (νgal1 in the following) corresponds to
a spectrum of the cosmic neutrinos, seen from the South-
ern sky, given by the sum of two power-laws with fixed
spectral indexes, α = 2 and α = 2.7, for the extragalactic
and Galactic components, respectively.
The main aim of this work is to generalize the νgal1
in a new model, denoted as νgal2. It still assumes that
the main component of IceCube cosmic neutrinos is of
extragalactic origin, with the presence of an important
Galactic contribution. νgal2 is motivated by addressing
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2the following important questions:
1. How crucial is the choice of the shape of the Galac-
tic component? What happens if it is closer to
the one indicated by observations of γ-rays and
some models of cosmic ray propagation, i.e., α ≈
2.4− 2.6?
2. What happens changing the normalization of the
Galactic component?
3. What is the effect of prompt neutrinos? (This was
neglected in [11])
4. A model with two extragalactic components is also
compatible with observations?
We derived the νgal2 model after exploring these ques-
tions, quantifying the expectations and considering con-
straints, and assessing the stability of its predictions.
In the Sect. II we begin by examining the experimental
dataset provided by the IceCube collaboration. Then in
Sect. III we will discuss the theoretical prediction for the
spectra of different populations of neutrinos. The model
νgal2 is presented and discussed in Sect. IV. An alterna-
tive model, that includes two extragalactic components
instead, is discussed in Sect. V. We draw our conclusions
in Sect. VI.
II. EXPERIMENTAL OBSERVATIONS
There are two dataset available from the IceCube ex-
periment in which neutrinos of astrophysical origin have
been observed. The first one refers to upward going
muons induced by charged current (CC) interaction of
νµ + νµ crossing the Earth. These neutrinos arriving in
IceCube are originating from the Northern hemisphere.
In the following, we refer to this sample with the name
of ”Passing muon”. The second dataset is characterized
by neutrinos that interact into a fiducial volume of the
detector, with a contained interaction vertex; we refer to
this sample as ”High Energy Starting Event” (HESE).
A. Passing muons and extragalactic spectrum
IceCube used data from 2009 through 2015 to mea-
sure CC upgoing muon neutrino events, with the field
of view restricted to the Northern hemisphere [5]. The
highest energy sample (with reconstructed energy above
190 TeV) corresponds to 29 events that exclude a purely
atmospheric origin at 5.6σ significance. The correspond-
ing cosmic muon flavor (neutrino+antineutrino) flux, es-
timated from these data, was obtained with a fit to the
power-law:
dφνµ+ν¯µ
dE
=
0.90+0.30−0.27 × 10−18
GeV cm2 s sr
(
E
100 TeV
)−2.13±0.13
(2)
No correlation with known γ-ray sources was found by
analyzing the arrival directions of these 29 events.
B. High Energy Starting Events
In 4 years of data taking 54 HESE have been detected,
that are classified as 14 tracks and 39 showers events (1
of them is not identified). Among them, 16 events come
from the Northern hemisphere, 37 events come from the
Southern hemisphere and 1 event was detected with dec-
lination equal to zero. These events have a deposited
energy above 30 TeV and the most energetic HESE de-
posited an energy of 2 PeV into the detector.
A fraction of these events is due to background, in
particular to atmospheric neutrinos produced in pi and
K decay. The background spectrum is approximatively
described as a power-law with spectral index α = 3.7 and
normalization known with an uncertainty of about 25%
[4]. These background neutrinos come both from South-
ern and Northern hemisphere. In addition to, there are
also atmospheric muons produced especially in charged
mesons decay. In IceCube, if correctly reconstructed, at-
mospheric muons come only from Southern hemisphere,
because muons produced in the other hemisphere are ab-
sorbed by the Earth.
The remaining part of events is attributed to astro-
physical neutrinos and it is described by means of an
isotropic distribution, whose all-flavor energy spectrum
is a power-law with,
dφ
dE
=
6.7+1.1−1.2 × 10−18
GeV cm2 s sr
(
E
100 TeV
)−2.50±0.09
(3)
Although the bulk of HESE events seen from the
Southern sky suggest a power-law spectrum with spec-
tral index α ≈ 2.5, the subset of high energy events is
in agreement with a much harder spectrum and more
precisely, with the same distribution suggested by the
passing muons: See Fig. 6 of [11] and Fig. 5 of [5], and
discussions therein. In other words, the flux of the high-
est energy HESE events observed from the Southern sky
is compatible with a hard α ≈ 2 spectrum.
C. Issues
Due to the approximate isotropy of HESE, they are
usually believed to be extragalactic neutrinos. These as-
sumptions, however, lead immediately to various prob-
lems [8, 11], and noticeably, 1) the corresponding extra-
galactic γ-ray flux exceeds the limits sets by the obser-
vations [11]; 2) the spectrum of Eq. 3 is different from
the flux obtained by the passing muons; 3) conversely,
the flux of Eq. 2 is not able to reproduce the number of
events observed in the Southern hemisphere.
The model νgal2, described in Sect. IV, provides a so-
lution to these issues.
3III. CONSIDERATIONS ON THE HIGH
ENERGY NEUTRINO SPECTRUM
A. The spectral index of extragalactic neutrinos
An hard energy spectrum ≈ E−α for extragalactic neu-
trinos, with α ≈ 2.0, is motivated by models of cos-
mic rays production at sources in the framework of the
Fermi acceleration mechanism. A very well-known case is
the generic model developed in Waxman & Bahcall [23],
where the neutrino spectrum is assumed to have α = 2.0.
Note that this assumption was used in the first IceCube
fits [2].
Similar results have been obtained in other specific
models. E.g., the shape of the extragalactic component
in the starburst galaxies model of [24] is
dφsfg
dE
∝ E−2.15±0.1 (4)
and this extends till 0.3 PeV at least. A generic bound,
α < 2.1− 2.2 was derived by the authors of [25], assum-
ing hadro-nuclear (pp) scenarios for neutrino production.
Also in very different models, as [26, 27], based on the
hypothesis that the neutrino sources are (some types of)
BL Lac/blazars, the power spectrum of the extragalac-
tic neutrino component has a very hard spectral index,
close to α ≈ 2. The latter kind of models is apparently
motivated by the Fermi-LAT measurements obtained at
much lower energies. See [28] for a principled discussion
of the expectations from pγ sources, in which different
target photon distributions are considered.
According to the previous theoretical and experimental
arguments, the spectral index of the extragalactic com-
ponent is reasonably expected in the conservative (wide)
range
αeg ∈ [1.9 , 2.3] (5)
The information arising from theoretical models on the
flux normalization are more uncertain; a stronger con-
straint arises from the IceCube data itself.
B. Expectation on the Galactic component
Here we discuss the core of the νgal2 model, namely
the component attributed to Galactic neutrinos (defined
by its spectral index and its normalization).
1. The spectral index of the Galactic component
Cosmic rays till few PeV impinge the Earth with a
power-law distribution with α ≈ 2.7. This is thought
to be the result of a harder injection spectrum, modified
after the propagation inside the Galaxy. However, neu-
trinos are plausibly produced in collisions close to their
cosmic sources, and in this case, they should reflect the
FIG. 1: In orange, the spectrum of diffuse gamma-ray emis-
sion from the inner Galaxy (−80◦ ≤ l ≤ 80◦,−8◦ ≤ b ≤ 8◦),
measured by Fermi-LAT. In blue, the all-flavor Galactic neu-
trino component of the νgal2 model with its uncertainties.
injection spectrum. According to this physical picture,
neutrinos should have a spectrum harder (i.e., smaller)
than α ≈ 2.7.
There are several attempts to estimate the Galactic
neutrino flux. Two theoretical estimations [29, 30] find
an interesting level of the diffuse neutrino flux from the
Galactic plane: in both cases the power-law approx-
imation of this flux, φ ∝ E−α has a spectral index
α = 2.5 − 2.6 in the region from some 10 of TeV till
several 100 of TeV.
A phenomenological model characterized by radially
dependent cosmic-ray transport properties has been re-
cently used to compute the γ-ray and neutrino diffuse
emission of the Galaxy [31]. The model, designed to re-
produce both Fermi-LAT γ-ray data and local cosmic ray
observables, naturally reproduces the anomalous TeV dif-
fuse emission observed by Milagro in the inner Galactic
plane. Above 100 TeV it predicts a neutrino flux with a
spectral index α ≈ 2.4÷2.5 that is about two to five times
larger than the neutrino flux obtained with conventional
models in the Galactic Center region. This neutrino flux
explains up to 25% the flux measured by IceCube.
Moreover, the spectral index of the γ-ray emission,
observed at lower energies from the Milky Way, resem-
bles α ≈ 2.4 − 2.6 more than α ≈ 2.7. This can be
seen from Fig. 1, where we compare a neutrino spectrum
with spectral index α = 2.4 with the gamma rays seen
by Fermi-LAT; see [11] for references and compare with
Fig. 8 therein.
According to the above arguments, the spectral index
of the Galactic component can be assumed to belong to
the range,
αg ∈ [2.4 , 2.7] (6)
that does not overlap with the corresponding range for
the extragalactic neutrinos. Moreover, in order to maxi-
mize the difference with the assumptions of νgal1 model,
but keeping in mind the above theoretical and obser-
vational indications, we will assume the extremal value
αg = 2.4.
42. The normalization of the Galactic component
The normalization factor for the flux of Galactic neu-
trinos is poorly constrained by theoretical models, al-
though experimental indications of a non-null value ex-
ist. A part the mentioned IceCube spectral anomaly, the
first hints arises from the intense flux of γ-rays observed
by Fermi-LAT and Agile from the Galactic plane and
its surroundings. Assuming that a fraction of the sig-
nal is due to hadronic mechanisms, a comparable flux
of high-energy neutrinos is foreseen. Second, the angu-
lar distribution of HESE is compatible with the isotropy,
but the assumption of a certain degree of anisotropy near
to the Galactic plane improves the agreement with the
observations [10, 11].
Fig.2 shows the position on the sky (Galactic coordi-
nates) of HESE. To reduce the atmospheric background,
only events with deposited energy > 60 TeV are used.
The angular precision of shower events is ∼ 15◦. Events
with |b| ≤ 15◦ are compatible to be originated in the
Galactic plane.
Referring to Fig.2, there are 18 events in the region
|b| > 15◦. The solid angle covered by this region is ap-
proximatively three times larger than the corresponding
region with |b| ≤ 15◦. Thus, roughly six events are ex-
pected in the low longitude region assuming an isotropic
detector response. The 14 observed events represents a
∼ 2σ excess with respect to this hypothesis.
These experimental hints supporting the existence of
a Galactic component are discussed in different ways in
several works [8, 9, 11, 12, 29]. E.g., the paper [12] finds
that it is theoretically possible to have similar signals in
IceCube. Their model called Case C predicts 1 event
per year, using assumptions on the diffusion coefficient
of cosmic rays.
Thus, we will explore the hypothesis that the Galac-
tic neutrino emission yields an observable signal, namely,
few HESE events per year in IceCube. As for the case of
the extragalactic flux, we extrapolate the normalization
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FIG. 2: Distribution of the position of HESE (blue: shower
events; red: tracks) with deposited energy > 60 TeV repre-
sented in Galactic coordinates. The angular uncertainties are
not represented; the showers have much larger angular uncer-
tainty with respect to the tracks.
of the Galactic component from the data itself.
3. The spatial extension of the Galactic component
The Galactic flux was considered isotropic and seen
only from the Southern hemisphere in [11]. This is a
minimal hypothesis, useful to evaluate the total number
of HESE from Galactic origin.
A more detailed scenario considers also the spatial ex-
tension of the Galactic component, taking into account
observational constraints derived from the ANTARES
[32] neutrino telescope. In particular, as discussed in
Sec. IV B, the Galactic neutrino flux is assumed to be
isotropic within a region (in Galactic coordinates) of lat-
itude |b| ≤ b∗ and longitude |`| ≤ `∗.
C. Prompt neutrinos
Even if a component in the atmospheric neutrino orig-
inating from the prompt decay of very heavy mesons
(typically containing a charmed quark) is expected from
standard cosmic ray interactions with atmospheric nu-
clei, this flux of prompt neutrinos is not yet measured.
Prompt neutrinos are expected with an energy spec-
trum also approximated by a power-law, with spectral
index α ≈ 2.7. The flavor composition of prompt neutri-
nos in a neutrino telescope is νe : νµ : ντ ≈ 1 : 1 : 0 and
it is different from what is expected for cosmic neutrinos
produced in pion decay, that have a flavor composition
at Earth of νe : νµ : ντ ≈ 1 : 1 : 1. The experimental
difficulty to identify tau neutrino interactions and the
uncertainties on the spectral index of cosmic neutrinos
reduce the possibility to distinguish among cosmic and
prompt neutrinos using the information on the flavor of
detected events, as discussed in [20] and [21].
IceCube has recently investigated the existence of a
prompt component in the measured νµ [5] in the region of
energy below few 100 of TeV. From the no evidence, 90%
C.L. upper limit on the normalization predicted by the
reference calculation [37] (denoted as ERS) is set to 0.50×
ERS. More recent calculations predict smaller fluxes [38–
40], that are not yet significantly probed instead.
Differently from the νgal1 model[11], we assume here
the existence of a prompt neutrino component in addi-
tion to cosmic neutrinos. In order to maximize the effect
of the contribution from prompt neutrinos without ex-
ceeding severely the constraints from theory and obser-
vations, we will assume as normalization term the 90%
c.l. upper limit 0.50× ERS set by IceCube.
5IV. νGAL2 MODEL
A. The recipes
Here, we summarize the result of the discussion of
the previous sections to define the νgal2 model. Be-
sides the conventional atmospheric neutrinos, we con-
sider three other components: the isotropic extragalactic
component, the diffuse Galactic component (presumably
enhanced near the Galactic plane) and the prompt (at-
mospheric) neutrinos. In addition:
1. We use the IceCube measurement of the flux of
passing muons to describe the extragalactic com-
ponent φeg. The flux is assumed to be isotropic,
with a normalization known within 30% and the
spectral index within ≈ 6%;
We assume that the total extragalactic neutrino
flux is given by the spectrum reported in Eq. 2 mul-
tiplied by a factor of three, in order to account for
the three neutrino flavors. At the highest energies,
this component is the dominant one.
2. We assume the existence of a diffuse Galactic com-
ponent φg, mainly originating from the Southern
hemisphere. This Galactic component produces
the observed asymmetry between HESE South and
HESE North, and between HESE and the passing
muons, softening the spectrum of Southern sky be-
low ≈ 100 TeV. We assume (Sect. III B 1) that its
spectral index is αg = 2.4.
We estimate the normalization factor for the Galac-
tic component considering the angular distribution
of the HESE events arising from the Southern sky,
and more precisely, the distribution in the Galac-
tic latitude (see of [11] and Sect. III B 2). From
that analysis we found that a fraction 0.26 ± 0.15
of the 23 HESE observed from the Southern hemi-
sphere, with deposited energy above 60 TeV, can
be of Galactic origin. It follows that our normal-
ization is chosen to reproduce the expected number
of Galactic HESE, i.e.
Ng = 6.0± 3.5 in 4 years (7)
This assumption is compatible within errors with
that used for νgal1 model and it not exceeds the dif-
fuse flux limit derived from the ANTARES neutrino
telescope from neutrinos originating in the South-
ern sky [33]. In addition, this does not contradict
the theoretical expectation of 1 event per year [12]
within 1σ and even less in view of theoretical un-
certainties.
3. We assume the presence of a prompt atmospheric
neutrino component φprompt. This is isotropic and
with a power-law energy spectrum, with spectral
index α = 2.7 and with normalization equal to the
90% c.l. IceCube upper limit, 0.50× ERS.
TABLE I: Summary of the number of HESE events expected
for each component in four years. The µ background and the
conventional background are taken from [3] and scaled with the
exposure time. The other predictions are obtained using the
fluxes derived here in Eq. 9 (νgal2 model) and the published
effective areas for HESE.
Component North South Sum
Extragalactic [5] 8.8± 1.7 16.1+1.5−1.9 24.9+3.2−3.6
Galactic [11] ≈ 0 6.0± 3.5 6.0± 3.5
Prompt [5, 37] 1.5± 0.8 2± 1 3.5± 1.8
Atmospheric µ [3] 0 12.4± 6.2 12.4± 6.2
Conventional pi/K [3] 6.2± 1.9 3.6± 1.2 9.8± 3.1
Total 16.5± 2.7 40.1± 7.5 56.6± 8.7
Observed [41] 16.5 37.5 54
Following these considerations, the all-flavor flux in the
νgal2 model is given by,
dφ
dE
=
∑
i
F0,i × 10−18
GeV cm2 s sr
(
E
100 TeV
)−αi
(8)
where the coefficients of normalizations and the spectral
indexes are,
F0,eg = 3× 0.90+0.30−0.27 αeg = 2.13± 0.13
F0,prompt = 0.6± 0.3 αprompt = 2.7
F0,g = 1.5± 0.8 αg = 2.4
(9)
B. Results
Using the fluxes and the total HESE effective areas
[41], we calculate the total number of expected events,
with the standard formula written symbolically,
N = 4pi T
∫ ∞
0
dE
∑
`
dφν`+ν¯`
dE
(E) AHESEeff,` (E) (10)
where we sum over the flavors ` = e, µ, τ . The cosmic
components are equipartitioned in the three flavors while
the prompt neutrinos are equipartitioned among electron
and muon neutrinos. The effective areas for events aris-
ing from the South and North sky differ, in particular
because of the absorption of very high-energy neutrino
in the Earth. When the events are separated for each
hemisphere, the solid angle factor in Eq. 10 is 2pi. The
time exposure for HESE data is assumed to be T = 4 yr.
In Table I the contributions from the different compo-
nents are reported. In the case of prompt and Galactic
neutrinos, the uncertainty is simply given by the uncer-
tainty on the flux normalization. The Galactic compo-
nent is obtained using the HESE effective areas from the
Southern sky. For extragalactic neutrinos the uncertainty
6TABLE II: Fraction of Galactic flux, as a function of its extension in longitude `, that can be seen in different intervals of
declination. The hypothesis is that the flux is isotropic in the region of Galactic latitude |b| ≤ 4◦ and Galactic longitude
|`| ≤ 30◦, 50◦or 70◦.
Extension δ [60, 90) [30, 60) [0, 30) [−30, 0) [−60,−30) [−90,−60)
|b|∗ = 4◦, |`|∗ = 30◦ 0% 0% 0% 52% 48% 0%
|b|∗ = 4◦, |`|∗ = 50◦ 0% 0% 17% 34% 43% 6%
|b|∗ = 4◦, |`|∗ = 70◦ 0% 2% 25% 24% 34% 15%
is obtained evaluating the expected number of events ob-
tained at best fit and with the highest (lowest) normal-
ization and the highest (lowest) shape. This procedure
is justified by the strong correlation between the normal-
ization and the spectral index, that can be noticed in the
Fig.6 of [5]. The expected background (atmospheric µ;
conventional neutrinos from charged pi,K decays) is es-
timated using the values reported in [3] and scaled with
the considered exposure time T . The uncertainty δ on the
total number of events is obtained combining the various
uncertainties δi in quadrature, δ =
√∑
i δ
2
i .
The expected spectra for the different components are
reported in Fig. 3, separated for the Northern and for the
Southern hemisphere. The bands are due to the uncer-
tainties on the normalization and on the spectral index.
More precisely, the upper limit of the bands is obtained
with the following formula for the increment,√
[φ(F, α)− φ(F+, α)]2 + [φ(F, α)− φ(F, α+)]2 (11)
where φ is the flux at best fit, F+ = F + ∆F and α+ =
α+∆α if Eν < 100 TeV or α
+ = α−∆α if Eν > 100 TeV.
The lower limit of the bands is obtained with the same
procedure.
In Table I there are 8.8 extragalactic events expected
from the Northern hemisphere and 16.1 extragalactic
events from the Southern hemisphere. Since the solid
angle covered by the region with |b| ≥ 15◦ is about 3/4
of 4pi, under the hypothesis of isotropic flux we expect to
see ∼ 6.5 events from North and ∼ 12 events from South,
coming outside the Galactic plane. Observing the map
in Fig.2 we found 12.5 events in Southern sky and 5.5
events in Northern sky (1 event is at declination δ = 0◦),
in good agreement with the expectations.
C. Constraints from the ANTARES telescope
A Galactic neutrino component is likely not isotopi-
cally distributed over the 2pi sr of the Southern sky. In
the following, we will assume that Galactic neutrinos are
produced in a rectangular region symmetrically extended
with respect to the Galactic center up to Galactic lati-
tude |b|∗ and longitude |`|∗. The solid angle covered by
this region corresponds to
∆Ω∗ = 4 sin |b|∗ · |`|∗ . (12)
Under this assumption, the normalization factor F0,g
given in (9) is null outside this rectangular region and
inside becomes
F ∗0,g = F0,g ·
2pi
∆Ω∗
(13)
The ANTARES neutrino telescope [36] searched for an
excess of events with respect to the background of atmo-
spheric neutrinos in a region with |b|∗ = 3◦ and |`|∗ =
40◦, corresponding to ∆Ω∗ = 0.145 sr. From the null
observation, and assuming a spectral index αg = 2.4, a
90% C.L. upper limit on the normalization for one-flavor
neutrino of Φ1fAntares = 2.0×10−17 (GeV cm2 s sr)−1 was
derived. Assuming a 1:1:1 flavor ratio, this value must
multiplied by a factor of three to give the 90% c.l. up-
per limit on all neutrino flavors, Φ3fAntares. When com-
pared with eq. 13 for ∆Ω∗ = 0.145 sr, the predicted flux
F ∗0,g = 6.5× 10−17 (GeV cm2 s sr)−1, is above Φ3fAntares.
Thus, at 90% C.L. it is excluded that the region orig-
inating Galactic neutrinos has dimensions smaller than
|b|∗ < 3◦ and |`|∗ < 40◦. Larger production regions are
still compatible with the ANTARES limits.
In Tab.IV A we considered three rectangular regions
with latitude |b|∗ = 4◦ and different values of Galac-
tic longitude |`|∗. Here, we evaluated the fraction of
the Galactic neutrino flux seen in different intervals of
declination δ. For the IceCube geographical location in
the South Pole, remember that the elevation corresponds
to the declination: δ > 0 (< 0) correspond to upgoing
(downgoing) events.
We can notice that the minimal hypothesis in which
the Galactic flux is only seen from the Southern hemi-
sphere ( δ < 0) is valid for a |`|∗ ≤ 30◦. IceCube can
observe this sky region only using the contained events
(HESE) that have a poor angular resolution. If the
Galactic flux extends at larger longitudes, IceCube has
the possibility to detect the signal also using upgoing
muons. For instance, if |`|∗ = 70◦, about 1/4 of the flux
would be originating in the Northern hemisphere. How-
ever, since the flux measured by IceCube from the North-
ern hemisphere, both with passing muons and HESE,
seems to have spectral index very close to α = 2, it is
plausible that the Galactic flux has a longitudinal exten-
sion not exceeding 50◦.
In addition to tracks, ANTARES is studying the
Galactic center region also using cascade events, mainly
7FIG. 3: The different components of the high-energy neutrino flux in the νgal2 model. For comparison, the single power-law
fits obtained by the IceCube collaboration are also given (light blue).
induced by CC νe and neutral current interactions [34].
The angular resolution of upgoing showering events in
ANTARES is about 3◦ − 4◦, thus comparable with the
considered minimal extension of the rectangular region
in Galactic longitude. This will allow to test in a short
timescale our scenario of Galactic neutrino production.
Finally, the incoming experiment KM3NeT [35] has the
chance to give the final answer to the existence of such
Galactic neutrino flux, since it can observe most of the
Galactic plane using passing muons and cascade events
with an even better angular resolution than ANTARES.
D. Remarks and conclusions
The agreement of the νgal2 with the observations is
good, both for the Northern and for the Southern hemi-
sphere. Indeed the total number of HESE observed by
IceCube is compatible with our predictions (Table I)
within 1σ. Moreover we can notice that the extragalactic
contribution is the larger component of the HESE events
seen from the Southern sky, but it amount to about half
of the total number of events. The remaining part is at-
tributed to conventional neutrinos, atmospheric muons,
prompt neutrinos and Galactic neutrinos. Also assum-
ing the maximum allowed flux, prompt neutrinos cannot
explain the difference between the spectra derived from
the passing muons and HESE in the Southern sky.
In Fig. 3 the fluxes predicted by our model are com-
pared with the fluxes observed by IceCube in Northern
and Southern hemisphere. A good agreement can be no-
ticed below ≈ 100 TeV; it means that not only the E−2.7
of [11] but also an E−2.4 can adequately explain the low
energy data. We conclude that the detailed shape of
the Galactic spectrum is not crucial for the argument,
whereas the presence of a significant Galactic compo-
nent (i.e., of a normalization sufficiently large) is instead
necessary to explain the North-South asymmetry and to
soften the spectrum of the Southern hemisphere at low
energy.
Finally, Fig.4 shows the contribution of the Galactic
component φg to the signal (φg+φeg+φprompt or only φg+
φeg in νgal1) in the Southern sky; we can notice that the
prediction of νgal2 model (this paper) differs from νgal1
FIG. 4: Fraction of the neutrino emission in the Southern sky
(after removing the conventional background and the muons)
due to a Galactic emission, as function of neutrino energy.
model ([11]) by about a factor 2 at low energy, due to
the fact that here a prompt neutrino component is taken
into account and the spectrum of Galactic neutrinos is
harder.
V. A NEW ISOTROPIC COMPONENT AT LOW
ENERGIES?
In this section, we discuss an alternative hypothesis
that reconciles the observed spectra of the passing muons
and HESE data. It assumes that there are two isotropic
components of the extragalactic neutrinos, one with a
hard spectral index needed to account for the high-energy
part of the spectrum and the second with a softer index,
to explain the excess of HESE observed in the Southern
sky. To the best of our knowledge, this hypothesis was
proposed in [42] and compared with the HESE data in
[43], arguing that the existing HESE data do not con-
strain it significantly. Furthermore, the passing muons
[5] have energies larger than 190 TeV, so they do not
probe the crucial region of energies.
To discuss the hypothesis, we use the valuable infor-
mation recently added in the IceCube paper of passing
muons [5], using muon neutrino events from few 100
of GeV until few 100 of TeV, collected from the North-
ern sky. They considered that the spectrum of prompt
8neutrinos has spectral index α ' 2.7, significantly differ-
ent from that of the conventional component (α = 3.7).
The former component should overcome the latter at
sufficiently high energies, depending upon the–largely
unknown–normalization. This analysis allowed IceCube
collaboration to obtain the upper limit reported in Sect.
III C. This constraint for events coming from the North-
ern hemisphere does apply directly to any new isotropic
population with E−2.7 spectrum, since (by assumption)
muon neutrinos should be present in both hemispheres.
In a very general way, we can thus consider and com-
pare two assumptions: The first one is the hypothesis of
a new Galactic component, confined in the Southern sky;
the second one is the hypothesis of a new isotropic and
soft component, adding up to the atmospheric prompt
neutrinos. Referring to our Table I, it will be equivalent
to replace the two rows “Galactic” and “Prompt” with
one “extragalactic soft”. The spectral index of this soft
component is unknown, but by assumption not largely
far from the interval α ≈ 2.4÷ 2.7.
The IceCube upper limit (obtained with the passing
muon sample below 100 TeV) imposes that the normal-
ization of the flux from the Northern sky is at maximum
F0,prompt, reported in Eq. 9. This yields the number of
HESE in the North reported in Table I, i.e. about 1.5
events. As this extragalactic component is isotropic, at
most 2 ± 1 HESE are thus expected in the South. This
expectation does not change within error if the spectral
index ranges in the mentioned interval. In conclusion,
this second hypothesis is constrained by IceCube obser-
vation itself to produce at most 2 HESE in the Southern
sky, instead of the 6+2 events foreseen by the presence
of a Galactic component.
Thus, the IceCube spectral anomaly seems better ex-
plained by the presence of a component observable only
in the Southern hemisphere, because this is not con-
strained from the considerations on prompt neutrinos.
Further dedicated analyses of muon neutrinos (HESE and
passing) and of showering events at low energy, assum-
ing that the spectral index is in the range α = 2.4− 2.7
will allow to constrain more precisely this alternative as-
sumption. Evaluable additional information could arise
also from telescopes located in the Northern hemisphere.
Here, in view of the above argument, we assume that the
new isotropic component is negligible or absent.
VI. SUMMARY AND DISCUSSION
In this paper we have discussed a general model to ex-
plain the North-South asymmetry whose indications are
growing up from IceCube data. We have analyzed the so
called νgal2, that generalizes the model with extragalac-
tic and Galactic components for cosmic neutrinos, as mo-
tivated in Sects. III and IV. We have considered: current
theoretical expectations; the presence of the prompt neu-
trino component; the effect of the spatial distribution of
the Galactic neutrinos; the impact of the new observa-
tions of the passing muons above few 100 TeV and from
the Northern sky, which we assume to derive from an ex-
tragalactic component; the constraints arising from the
ANTARES neutrino telescope from neutrinos from the
Southern hemisphere. These modifications have been
justified by various theoretical and observational reasons.
Different results arise from the discussion of the model.
1) A Galactic component, assumed with energy dis-
tribution E−2.4 (as motivated in Sect. III B 1) and with
a smaller normalization coefficient than assumed in the
νgal1 (as discussed in Sect. IV A) is also compatible with
the existing observations. It explains the distribution of
the HESE from the Southern sky, receiving both Galac-
tic and extragalactic contributions. In the model, HESE
from the North are induced only by extragalactic neu-
trinos, whose flux is measured from the passing muon
sample.
2) Assuming a spectral index of 2.4 instead of 2.7 as in
the νgal1 case the fraction of Galactic neutrino events at
the lowest energies diminishes, whereas we have a rela-
tively large amount of Galactic neutrinos at higher ener-
gies, as emphasized in Fig. 4 1 . This increases the prob-
ability that an excess of events with respect atmospheric
neutrinos can be seen by the ANTARES detector.
3) The Milky Way is mostly visible from the South-
ern sky (Table IV A). This means that the Galactic com-
ponent could be measured in IceCube using HESE only,
while is accessible as upgoing muons and cascades in neu-
trino telescopes located in the Northern hemisphere.
4) The prompt neutrino flux cannot produce a North-
South asymmetry (Sect. V), but it could modify the
shape of the spectrum, making it softer at low energies.
However, after the recent bounds obtained by IceCube,
its presence is too small to modify significantly the HESE
spectrum, thereby accounting for the discrepancy be-
tween the HESE South data and the passing muon data.
This conclusion becomes even stronger if the most recent
calculations of prompt neutrinos [38–40] are assumed.
A crucial dataset used to test this model–in any of
its variant, νgal1, νgal2, or others–is the IceCube HESE
from the Southern sky and below few 100 of TeV. More-
over, a common feature of all the νgal models is that
most of the cosmic neutrino events at high Galactic lati-
tude are of extragalactic origin. Therefore, the subset of
the HESE North and South that come from a Galactic
latitude |b| ≥ 10◦ − 15◦ (the angular resolution of the
showers) should be consistent between them. It is im-
portant that, in the future, the IceCube collaboration
perform similar tests. Referring to Table I, a poten-
tial problem arises if some background process, caused
1 Note incidentally that if the knee of the cosmic ray spectrum
(observed at the Earth) is due to a feature of the accelerators,
we would expect to have a corresponding feature in the Galactic
neutrinos at energies of ν × Eknee ≈ 1/20 × 3 PeV = 150 TeV:
this makes it evident how important is a detailed study of the
Galactic neutrinos emission.
9or connected to atmospheric muons, is not fully under
control as currently expected: in this case, the reliability
of the conclusions should be reassessed. In any case, the
existing statistics is still insufficient to be certain of a sig-
nificant Galactic neutrino emission, and a firmer conclu-
sion can be obtained with more HESE data (still on Ice-
Cube disks) and with data collected from the direction of
the Galactic plane by Mediterranean neutrino telescopes
(ANTARES and KM3NeT in the near future).
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